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Ras p21 signaling is involved in multiple aspects of Results and discussion
To assess the role of the endogenous cellular Ras genesgrowth, differentiation, and stress response [1–2].
There is evidence pointing to superoxides as relays in the regulation of ROS, we have constructed a rat thyroid
of Ras signaling messages. Chemicals with cell line expressing the dominant-negative Ras (Ha-N17)
antioxidant activity suppress Ras-induced DNA under the control of a MMTV promoter [5]. ROS levels
synthesis. The inhibition of Ras significantly reduces in Ras-inhibited cells were measured by incubation with
the production of superoxides by the NADPH-oxidase the oxidation-sensitive probe DCHF-DA [6]. We found
complex [3]. Kirsten and Harvey are nonallelic Ras that the levels of ROS were stimulated in Ras-inhibited
cellular genes that share a high degree of structural cells (Figure 1a). These cells were also extremely sensi-
and functional homology. The sequences of Ki- and tive to H202-induced apoptosis (Figure 1b), and this
Ha-Ras proteins are almost identical. They diverge phenotype was reversed by preincubating the cells with
only in the 20-amino acid hypervariable domain at vitamin E or N-acetyl cysteine (data not shown). The
the COOH termini. To date, their functions remain observed correlation between Ras inhibition and the in-
indistinguishable [4]. We show that Ki- and Ha-Ras crease in ROS levels was unexpected, because Ha-Ras
genes differently regulate the redox state of the cell. has been reported to stimulate ROS production [3, 7].
Ha-Ras-expressing cells produce high levels of This discrepancy can be explained by experimental differ-
reactive oxygen species (ROS) by inducing the ences (overexpression of exogenous Ras versus the inhibi-
NADPH-oxidase system. Ki-Ras, on the other hand, tion of endogenous Ras) or by the different effects of Ras
stimulates the scavenging of ROS by activating isoforms on cellular ROS. To further examine Ras effects
posttranscriptionally the mitochondrial antioxidant on ROS levels, we determined which Ras isoform was
enzyme, Mn-superoxide dismutase (Mn-SOD), via an expressed in thyroid cells by immunoblot with specific
ERK1/2-dependent pathway. Glutamic acid antibodies to the Ras proteins and by RT-PCR on total
substitution of the four lysine residues in the RNA with specific Ha- and Ki-Ras primers (Figures 1c,d).
polybasic stretch at the COOH terminus of Ki-Ras Figure 1 indicates that thyroid cells express predomi-
completely abolishes the activation of Mn-SOD, nantly Ki-Ras. Taken together, these data suggest that
although it does not inhibit ERK1/2-induced the inhibition of cellular Ki-Ras increases the levels of
transcription. In contrast, an alanine substitution of endogenous ROS and reduces the tolerance of the cells
the cysteine of the CAAX box has very little effect to oxidative stress.
on Mn-SOD activity but eliminates ERK1/2-
dependent transcription.
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Figure 1 Ki (lower relative to control cells) or Ha-Ras (higher rela-
tive to control cells) were abolished by the coexpression of
two trans-dominant-negative Ras variants (Figures 1g,h).
Low ROS levels in Ki-Ras cells might be dependent on
the increased disposal of ROS. The primary enzymatic
antioxidant system is represented by SOD iso-enzymes.
There are two different intracellular forms of SOD: CuZn-
SOD, localized mainly in the cytoplasm, and a manganese
mitochondrial SOD, Mn-SOD [8 , 9]. We measured the
levels and the activity of Mn-SOD enzyme in NIH 3T3
cells, stably expressing Ki-Ras, or in COS7 cells, tran-
siently transfected with Ki-Ras. Figures 2a,b show that
the lower levels of ROS in Ki-expressing cells parallel
the higher Mn-SOD activity. Ki-Ras increased Mn-SOD
protein and activity. Inhibition of Ras by L61S186 pre-
vented SOD stimulation (Figure 2c). The expression of
Ha-Ras did not modify the levels of mitochondrial SOD
(see below). The higher levels of mitochondrial SOD in
Ki-Ras-expressing cells were not caused by the increased
transcription of the gene, since the mRNA levels were
unaffected by Ki-Ras (Figure 2d). Ki-Ras-expressing cells
also contain elevated levels of reduced glutathione, which
accounts for the reduced ROS levels (data not shown).
This effect appears to be secondary to the SOD stimula-
tion, since short-term treatment (2–3 hr) of the cells
(NIH3T3 or COS7) with SOD mimetics reproduces Ki-
Ras effects; low ROS and increased reduced-glutathione
(Santillo et al., unpublished data).
The stimulation of mitochondrial SOD and the reduction
of ROS levels were also induced by viral Ki-Ras, as shown
by the determination of ROS and SOD levels in cells
expressing viral Ha- or Ki-Ras genes (Figures 2e,f). In
six independent thyroid cell lines expressing different
v-Ki-Ras or v-Ha-Ras [10], mitochondrial SOD activity
was higher in v-Ki-Ras- than in v-Ha-Ras-transformed or
control cells (Figures 2g,h).
Ha-Ras increases ROS, and Ki-Ras decreases ROS. (a) The time
course of ROS production induced by Fe21/ascorbate oxidative
Since Ras activates multiple signal cascades, we have in-stress in 12 h dexamethasone (2 mM)-treated TL1H17 cells and in
TL cells, expressing a control plasmid, RSV-NEO, in the absence (TL) vestigated which of the two major effectors downstream,
or presence (TL*) of dexamethasone. ROS were measured as DCF ERK1/2 or PI3K, mediates Ki-Ras effects on ROS and
fluorescence using the oxidation-sensitive probe, 5, 6-carboxy-29, Mn-SOD levels. To this end, we first determined the79-dichlorofluorescein diacetate, DCHF-DA. Values are means 6
standard errors of a representative experiment performed in triplicate.
(b) The effect of H17 expression on H2O2-induced apoptosis in TL
cells. Six hours after, the incubation for 1 h with increasing
of a representative experiment performed in triplicate. (f) The effectconcentrations of H2O2, apoptosis was evaluated by annexin staining.
of DPI on stress-induced (2 h) ROS levels in NIH 3T3 fibroblastsValues are means 6 standard errors of a representative experiment
transiently transfected with Ki- or Ha-Ras/GFP and pCMV-lacZperformed in triplicate. (c) Immunoblot analysis of endogenous Ras
vectors. The cells were incubated for 30 min in the presence orwith antibodies to Ha-Ras, Ki-Ras 4B, and Pan-Ras in TL cells. In
absence of 20 mM DPI before loading with DCHF-DA. Values,the bottom panel, the same blots were probed with anti-ERK1/2
normalized for b-galactosidase activity, are means 6 standard errorsantibody (ERK2) as a control. (d) Ki- and Ha-Ras mRNA levels in
of a representative experiment performed in triplicate. The expressionthyroid cells. An asterisk indicates a sample in which GADPH and
of the tagged Ras proteins was comparable in the experimentsHa-Ras primers were amplified in the same reaction [21].
presented. (g) and (h) represent the time course of stress-induced(e) The time course of basal and stress-induced ROS production in
ROS production in cells transfected with Ki-Ras/GFP and Ha-Ras/NIH 3T3 fibroblasts transiently transfected with Ki-Ras/GFP or
GFP, (g and h, respectively) alone or with expression vectorsHa-Ras/GFP and pCMV-lacZ. Control cells were transfected with
encoding Ras-H17 or L61S186 [22].GFP-IRES plasmid and pCMV-lacZ. ROS levels were normalized
for b-galactosidase activity. Values are means 6 standard errors
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Figure 2 effects of specific ERK1/2 or PI3K inhibitors on basal and
stress-induced ROS levels in COS7 cells; these cells, as
thyroid cells, predominantly express Ki-Ras isoform (data
not shown). COS7 cells, treated with PD98059, a specific
MEK inhibitor, increased basal and stress-induced ROS.
Under the same conditions, LY294002, a specific PI3K
inhibitor, did not modify basal or stress-induced ROS,
although PI3K signaling was efficiently inhibited (Figure
3a). Similarly, the induction of Mn-SOD by Ki-Ras was
completely suppressed by PD98059 in transient or stable
transfectants (Figures 3b,c). Also, exogenous Mn-SOD
activity was downregulated by PD98059, confirming a
posttranscriptional effect of ERK1/2 signaling on the en-
zyme activity (Figure 3b). Under the same conditions,
inhibition of ERK1/2 signaling in Ha-Ras-expressing cells
reduced ROS levels and increased tolerance of oxidative
stress (G. Cuda et al., submitted).
Ki- and Ha-Ras are localized on the inner face of the
plasma membrane by their C-terminal S-farnesylcysteine
[11, 12]. The amino acid sequences of Ki- and Ha-Ras
are very similar, with the only exception being in the 20
residues at the COOH termini. This portion contains the
classical farnesylation box (CAAX) and a Ki-Ras-specific
polybasic stretch of seven lysines. To dissect and map
the residues that are required for stimulation of Mn-SOD
in this portion of the protein, we mutagenized four lysine
residues of the polybasic region to glutamic acid (lys2),
or the cysteine of the CAAX box to alanine (cys2), or
both (lys2; cys2). These mutants were expressed in COS7
cells, and the effects on Mn-SOD activity were deter-
mined. Figure 3d shows that Mn-SOD activity was
markedly stimulated by wild-type Ki-Ras and by the cys2
Ki-Ras, although this mutant was less efficient than the
wild-type gene. Conversely, the lys2 and lys2; cys2 Ki
mutants were unable to stimulate Mn-SOD. On the other
hand, ERK1/2-stimulated transcription was also affected
by these Ki-Ras mutants. Figure 3e shows that the cyste-
ine mutant (cys2) did not stimulate ERK1/2-dependent
transcription, while the lysine mutant (lys2) retained this
ability. The double mutant did not stimulate Mn-SOD
Ki-Ras stimulates mitochondrial SOD. (a) The effect of Ki-Ras on basal or ERK1/2-induced transcription. In some cell lines, the
and stress-induced (2 h) ROS levels. ROS levels were measured double mutant also inhibited the endogenous levels ofin control cells (C), stably (NIH 3T3), or transiently (COS7) Ki-Ras-
Mn-SOD and ERK1/2-induced transcription (data nottransfected cells. Values are means 6 standard errors of three
different experiments performed in duplicate. (b) Mn-SOD activity [23] shown).
in the same cell lines as indicated above. Values are means 6
standard errors of three different experiments performed in duplicate.
(c) Immunoblot analysis with antibodies to Mn-SOD in mock We conclude that the polybasic region of Ki-Ras is essen-
transfected NIH 3T3 cells (C), mock transfected NIH 3T3 cells stably tial for Mn-SOD activation, whereas the CAAX motif is
expressing Ki-Ras, and in the same cells transiently cotransfected required for ERK1/2 induction of transcription, althoughwith the trans-dominant-negative mutant of Ha-Ras L61S186 and
pEGFP. (d) Northern blot analysis of Mn-SOD mRNA expression
[24] in control (C) and Ki-Ras transformed NIH 3T3 cells. The same
blot was stripped and reprobed with a-actin cDNA (bottom panel).
(g) The activity of mitochondrial and (h) cytoplasmic SODs in different(e) Time course of ROS production in v-Ki-Ras- and v-Ha-Ras-
thyroid cell lines (PC and TL cells) transformed with Ha and Ki viraltransformed thyroid cells (PC-KiMol and PC-Ha, respectively, [10]).
genes. Relative units were calculated with SOD activity of control cells(f) Immunoblot and densitometric analysis of Mn-SOD from the same
set to 1.cell lines as indicated in (e). In the bottom panel, the same filter was
stripped and reprobed with anti-ERK1/2 antibodies as a control.
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Figure 3
Different residues at the COOH terminus of
Ki-Ras are required for mitochondrial SOD
stimulation and ERK1/2-induced transcription:
(a) Inhibition of ERK1/2, but not PI3K,
signaling increases basal and stress-induced
(2 h) ROS levels in COS7 cells. COS7 cells
were incubated for 15 hr with 40 mM
PD98059 (Calbiochem), a specific MEK
inhibitor, or with 50 mM LY294002
(Calbiochem), a PI3K inhibitor. Under these
conditions, the activity of serum-induced
ERK1/2 (5 min) and of PI3K induced by
insulin (100 mg/ml) were reduced by 80%.
Values are means 6 standard errors of three
different experiments performed in duplicate.
(b,c) The inhibition of ERK1/2 signaling
abolishes the induction of mitochondrial SOD
activity by (b) Ki-Ras or (c) v-Ki-Ras. (b)
COS7 cells were transiently transfected with
Ki-Ras/GFP, CMV-Mn-SOD, and pCMV-
lacZ DNA in the absence and presence
of PD98059. Values, normalized for
b-galactosidase activity, are means 6
standard errors of three different experiments
performed in duplicate. (c) The effect of
PD98059 on Mn-SOD activity levels in two
independent v-Ki-Ras-transformed cell lines
TL (1) and PC (2) treated with the inhibitor
indicated above for 15 hr. Mn-SOD relative
units were calculated by comparing the Mn-
SOD activity of the samples to that of control
cells set to 1. (d,e) The effects of Ki-Ras
COOH tail mutants on Mn-SOD activity
and ERK1/2- induced transcription. (d)
Mitochondrial SOD activity in cells expressing
Ki-Ras COOH mutants. COS7 cells were
transiently transfected with HA-tagged Ki- normalized for b-galactosidase activity, are antibodies (clone 12CA5) is shown in the
Ras/GFP wild type or the mutant version means 6 standard errors of three different lower panel. (e) ERK1/2-dependent
indicated and pCMV-lacZ plasmid for 24 hr experiments performed in duplicate. The HA transcription in cells expressing Ki-Ras
before Mn-SOD activity assay. Values, immunoblot of transfected cells with anti-HA COOH tail mutants.
when both signals are present, SOD activity and ERK1/2- (lys2), resembles Ha-Ras since it does not contain the
specific Ki-Ras domain but retains the common CAAXinduced trascription are maximally stimulated.
motif. This mutant binds endomembranes efficiently, but
poorly binds the plasma membrane ([13]; data not shown).Our data indicate that Ha- and Ki-Ras differently regulate
On the other hand, this mutant induces ERK1/2 transcrip-intracellular ROS levels; Ha-Ras increases ROS levels,
tion, but it is not able to stimulate Mn-SOD or increaseand Ki-Ras decreases ROS levels by acting via ERK1/2
ROS levels as does Ha-Ras (Figure 3d). Ki-Ras is a betteron different intracellular targets. Ha-Ras stimulates the
stimulator of ERK1/2 signaling since it recruits Raf 1 toNADPH-oxidase system through Rac [3] and an ERK1/2-
the plasma membrane more efficiently than Ha-Ras [14].dependent pathway. Ki-stimulated Mn-SOD and reduced
This ability is dependent on the length of the COOHROS levels are linked since short-term treatment with
terminus because the deletion of six residues from thethe SOD mimetics replicates Ki-Ras effects, i.e., de-
COOH tail converts Ha-Ras from a weak to a potent andcreased ROS, high reduced-glutathione, and resistance to
sustained stimulator of ERK1/2 [14]. We suggest thatH202-induced apoptosis (data not shown).
Ha-Ras activates ERK1/2 locally and recruits NADPH-
oxidase to the membrane, whereas membrane-bound Ki-The ability of Ki-Ras to stimulate mitochondrial SOD is
Ras is a potent and long-range stimulator of ERK1/2,dependent on the presence of the seven contiguous ly-
which accumulates efficiently into the nucleus and stimu-sines at the COOH terminus. This region, traditionally
lates transcription.considered to be a second signal for membrane anchoring,
recently has been shown to be required for Ras trafficking
[13]. The Ki-Ras mutant in the lysine polybasic stretch The cysteine at the extreme COOH terminus of Ki-Ras is
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Figure 4 versely, in cells with a low Ki/Ha-Ras ratio, the production
of ROS is dominant over the disposal, and the cells be-
come extremely sensitive to oxidative stress.
The regulation of ROS levels might be more general and
conserved among the RAS genes in eukaryotes. In yeast,
deletion of RAS1 or overexpression of RAS2 results in
longevity. This phenotype is not dependent on cAMP
signaling [17]. In Saccharomyces cerevisiae, IRA2, an attenu-
ator of RAS1 and RAS2, regulates cytochrome content,
respiration, and ATP synthesis [18].
In conclusion, these data link Ras activity to the redox
state of the cell, provide an explanation for the diverse
biological activity of Ha- and Ki-Ras genes [19, 20], and
indicate a novel function of the Ki-Ras gene, which might
assemble and target signaling cascades to the primary
Dual functions of Ki-Ras mediated by ERK1/2; activation of antioxidant defense system; mitochondrial SOD.transcription and mitochondrial SOD. A schematic diagram of Ki-
Ras functions. The polybasic stretch is indicated by the six Ks. “C*”
Supplementary materialindicates the cysteine in the CAAX box, the classical farnesylation site.
Additional details describing the experimental methods that were used
are available at http://images.cellpress.com/supmat/supmatin.htm.
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